The ventromedial prefrontal cortex (vmPFC) comprises a set of interconnected regions that integrate information from affective sensory and social cues, long-term memory, and representations of the 'self'. Alhough the vmPFC is implicated in a variety of seemingly disparate processes, these processes are organized around a common theme. The vmPFC is not necessary for affective responses per se, but is critical when affective responses are shaped by conceptual information about specific outcomes. The vmPFC thus functions as a hub that links concepts with brainstem systems capable of coordinating organism-wide emotional behavior, a process we describe in terms of the generation of affective meaning, and which could explain the common role played by the vmPFC in a range of experimental paradigms. (Figure 1 ). Conversely, dysfunction of the vmPFC is thought to be critical in a number of brain disorders, most notably post-traumatic stress disorder (PTSD) [10] , depression [11] and dysregulation related to chronic stress [12] and pain [13] .
The ventromedial prefrontal cortex (vmPFC) comprises a set of interconnected regions that integrate information from affective sensory and social cues, long-term memory, and representations of the 'self'. Alhough the vmPFC is implicated in a variety of seemingly disparate processes, these processes are organized around a common theme. The vmPFC is not necessary for affective responses per se, but is critical when affective responses are shaped by conceptual information about specific outcomes. The vmPFC thus functions as a hub that links concepts with brainstem systems capable of coordinating organism-wide emotional behavior, a process we describe in terms of the generation of affective meaning, and which could explain the common role played by the vmPFC in a range of experimental paradigms.
Ventromedial prefrontal cortical involvement across psychological domains
Over the past decade, neuroimaging studies have consistently identified the human ventromedial prefrontal cortex (vmPFC) as a key region for numerous and often seemingly disparate functions, including autonomic and endocrine regulation [1] , emotion [2] , emotion regulation [3] , fear conditioning and extinction [4] , episodic and semantic memory [5, 6] , prospection [5] , economic valuation [7] , self-directed cognition [8] , and mentalization about others [9] (Figure 1 ). Conversely, dysfunction of the vmPFC is thought to be critical in a number of brain disorders, most notably post-traumatic stress disorder (PTSD) [10] , depression [11] and dysregulation related to chronic stress [12] and pain [13] .
Although this convergence is often briefly acknowledged, it remains unclear why these different functions should overlap in the vmPFC and what its broad, underlying roles might be in the coordination of adaptive behavior. It is tempting to attribute this functional diversity to the heterogeneity of the vmPFC itself, which comprises several distinct cytoarchitectonic areas, spanning from the anterior cingulate cortex to the frontal pole. However, the major subdivisions of the vmPFC are interconnected and are also connected with subcortical nuclei in several interlocked functional systems [11] , prompting a number of researchers to characterize the region's broad functional roles with terms such as 'affect' [14] , 'regulation' [3] , 'valuation' [7, 15] , 'self-projection' [5] , 'selfreference' [8] , 'mentalizing' [9] , 'somatic markers' [16] , 'visceromotor' [11] , and 'default-mode' because of its high resting metabolism [17] . Although each of these characterizations is extremely useful in providing a common explanation to a broad range of vmPFC-related phenomena, none of them seems to account for the range of processes that involve the vmPFC, and many of these broad views are difficult to reconcile with animal studies on the functional impairments resulting from vmPFC damage or inactivation.
Here, we argue that the functional role of the vmPFC is not reducible to any one of these functional categories. Rather, it serves as a hub that connects systems involved in episodic memory, representation of the affective qualities of sensory events, social cognition, interoceptive signals, and evolutionarily conserved affective physiological and behavioral responses. As such, it plays a unique role in representing conceptual information relevant for survival and in transducing concepts into affective behavioral and physiological responses. To conceptualize the organism in context is to conceive the meaning of a situation (a particular constellation of environmental and internal cues) for one's physical and social well being and future prospects. We argue that the vmPFC is essential for this class of processes. Affective meaning is closely related to concepts such as 'affective appraisal' [18] , 'situated conceptualization' [19] , 'valuation' [7, 15] , and 'goal-driven' value learning [20] . However, we envision the construction of affective meaning as involving a unique set of 'ingredients' that are not necessarily involved in these other concepts, including i) the construction of representations of a 'situation' (or 'schema') from precise configurations of cues; ii) the recall of similar past situations and abstracting essential features to guide prospection about potential future outcomes; iii) the evaluation of potential outcomes that might benefit or harm the organism ('self'); and iv) the triggering of appropriate physiological and emotional responses, or the modification of ongoing ones. Thus, a meaning-centered view of vmPFC predicts that vmPFC and its subcortical connections are not essential for simple forms of affect, valuation, and affective learning, but are essential when conceptual information drives affective physiological and behavioral responses.
A system of systems: vmPFC bridges conceptual and affective processes In the past few years, it has become possible to integrate human neuroimaging results across thousands of studies [21] , which now allows us to link broad classes of psychological processes with the functional brain networks that underlie them. A recent database of nearly 4,400 studies, called Neurosynth (www.neurosynth.org; [21] ), permits the construction of meta-analytic maps of consistent activations across studies based on terms frequently used in articles. One interesting feature of this approach is that it allows the identification of activations specifically Figure 1 . Convergence across fields: vmPFC activation across social, cognitive, affective, and clinical domains. (a) Dorsal anterior and mid cingulate activations reflecting sympathetic activity during emotional/cognitive tasks and exercise [1] . (b) pgACC, sgACC and rostral mPFC activity correlations with parasympathetic/anti-sympathetic activity. Top-left: negative correlation with increases in heart rate during a working memory task [90] . Bottom-left: decreases in skin conductance during relaxation [91] . Right: results from a meta analysis on brain activations associated with high-frequency heart rate variability during emotional and cognitive tasks (red: emotional>cognitive; yellow: emotional = cognitive) [92] . (c) Left: stress-related correlates of natural killer (NK) cells increase [93] . Right: grief-evoking words correlates with IL-6 [94] . (d) vmPFC and rdACC activity negatively and positively correlates with conditioned SCR during fear conditioning and reversal [4] ; (e) vmPFC activation in meta-analyses of fear extinction (red), placebo (green) and reappraisal (blue) [53] . (f) Left: vmPFC/sgACC activity during extinction recall [74] . Right: vmPFC/sgACC activity (blue) during reappraisal of conditioned fear [52] . (g) rdACC activity in instructed fear paradigms [50] . (h) Positive (left: sgACC/Nacc) and negative (right: rdACC/amygdala) mediators of successful reappraisal of negative emotions [54] . (i) Left: opioids activate mPFC [95] . Right: placebo activates a common sub-region in rACC [95] . (j) Positive (rdACC, thalamus, PAG) and negative (vmPFC) mediators of heart rate increases during social evaluative threat [65] . (k) vmPFC/mOFC activation for valued vs. devalued food [46] . (l) Common coding of value of money, trinkets and snacks [67] . (m) Left: integration of conceptual knowledge and value representations during decision-making. Right: more rostral activity specific to explicit conceptual knowledge [78] . (n) Relative coding of value in the vmPFC [49] . (o) Goal value: healthiness of food for successful dieters or taste of food for unsuccessful dieters [73] . (p) Temporal discounting of subjective value [72] . (q) Left: same odor labeled as 'cheddar cheese' vs 'sweat' [68] . Right: same wine labeled as 'cheap' vs. 'pricey' [70] . (r) Convergence (red) of activations related to autobiographical memory (light blue), theory of mind (dark blue) and defaultmode network (green) [96] . (s) Activity related to imagining past or future events or remembering past events [97] . (t) Activity related to self-reflection [98] . (u) Reduced activation during recall of extinction in PTSD patients vs. controls [38] . (v) Hypo-(blue) and hyper-(red) activations in response to aversive stimuli in PTSD patients vs. controls [10] . (w) Reduced cerebral blood flow (CBF) in depressed patients vs. controls [79] . All panels reproduced with permission from the indicated sources. Abbreviations: sgACC, subgenual anterior cingulate cortex; pgACC, perigenual anterior cingulate cortex; rACC, rostral ACC; rdACC, rostrodorsal anterior cingulate cortex; mPFC, medial prefrontal cortex; vmPFC, ventromedial prefrontal cortex; mOFC, medial orbitofrontal cortex; Nacc, nucleus accumbens; PAG, periaqueductal gray matter; SCR, skin conductance response; IL-6, interleukin -6. associated with particular psychological domains, as specified by a set of terms. For example, studies of 'mentalizing', a type of social cognition involving thinking about others' minds and intentions, can be defined based on the use of the words 'empathy' or 'empathizing', 'theory of mind', 'mentalizing' or 'mentalization', and related terms. We used Neurosynth to obtain maps of brain networks specifically associated with functional tasks related to the ingredients of affective meaning. These included maps of studies related to memory and 'default mode' function, selfreflection, social cognition and mentalizing, emotion, reward, and autonomic and endocrine changes (Figure 2 ; see Supplementary Data for details). We examined the relationships between these maps and the brain regions that are commonly involved in all of these processes, thus assessing which brain regions are likely to be essential for integrating information across systems. We also compared these maps with a map of experimental pain, which is affective but not conceptually driven per se (that is, pain does not always require the conceptual construction of meaning to induce affect). This comparison reveals striking overlap in vmPFC across all of the 'meaning-related' process domains (Figure 2a ), as well as functional specialization in different parts of the medial prefrontal cortex (mPFC) and associated regions. For instance, in addition to vmPFC, the 'default mode' and 'memory' maps include the posterior cingulate cortex (PCC), hippocampus and nearby medial temporal regions, and the inferior parietal lobule. The 'emotion', 'reward', and 'autonomic' maps include the ventral striatum and pallidum, amygdala, ventral tegmental area, periaqueductal gray (PAG), and parts of the insula and lateral prefrontal cortex. The 'self' and 'social cognition' maps include both cortical features of the memory maps and subcortical features of the emotion and reward maps, as well as dorsomedial prefrontal cortex (dmPFC) regions linked specifically with social cognition [9] . The 'pain' map is largely distinct from the other maps, and includes multiple parts of the ventromedial and cingulate cortices, including the vmPFC, rostrodorsal anterior cingulate cortex (rdACC), and the dorsal anterior cingulate (dACC), insula, and somatosensory cortices.
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Identifying the boundaries of these zones and understanding their differential roles in affective processes across species is an important and ongoing effort (Box 1). In contrast to the vmPFC, the dACC has strong, direct anatomical connections with motor areas and spinal motor neurons [22] and is reliably engaged in cognitive control processes, response selection, and affective and autonomic functions linked to demands on skeletomotor action (Box 1; Results of an automated reverse inference meta-analysis using Neurosynth. Color maps display the probability terms related to vmPFC functions given observed activation (P termjactivation). (b) Results of a factor analysis with two factors on the metaanalytic reverse inference patterns of activation for the terms 'default mode', 'memory', 'self', 'social cognition/mentalizing', 'reward', 'autonomic/endocrine', 'emotion' and 'pain'. Top: factor loadings associated with each term. 'Emotion', 'autonomic/endocrine' and 'reward' strongly loaded on factor 1; 'memory' and 'default mode' strongly loaded on factor 2; 'self' and 'social cognition/mentalizing' loaded on both factors; 'pain' did not substantially load on any factor. Bottom: spatial extent of the regions associated with the two factors (including voxels with loadings in the top 1% of values across the brain). Factor 1 comprised a large ventrocaudal portion of the vmPFC, subcortical structures (amygdala, striatum and midbrain), right insula and left lateral prefrontal cortex. Factor 2 comprised a more rostral and dorsal portion of the vmPFC, the posterior cingulate cortex (PCC) and bilateral intraparietal sulcii (IPS). The specific searches that defined each category were as follows. In the list below, j, &, and indicate logical OR, AND, and NOT, respectively. * indicates a wildcard including all words beginning with the stem preceding the star. Default mode: 'default j resting state j dmn j default mode'. Memory: Average of 'episod*' 'autobiograph*' 'retriev* j recollect*'. Self: '(self j subjective)'. Social cognition/mentalizing: 'empath* j theory.of.mind j tom j mentaliz* j trait j (inference & others)'. Emotion: 'emotion* j mood j valence j arousal j affective'. Reward: '(reward* j monet* j gain j cocaine j eating j reinforc* j incent* j love j joy
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. Autonomic/endocrine: 'autonomic* j scr j hr j cortisol j conductance j heart'. Pain: 'pain* j noxious j nocicept*'. Additional details can be found in the Supplementary Data.
Box 1. Subdivisions of ventromedial prefrontal and anterior cingulate cortex
On a broad level, mPFC can be divided into ventromedial (vmPFC), rostral dorsal cingulate (rdACC), and dorsal cingulate (dACC) zones ( Figure Ia ) -corresponding to anterior cingulate, anterior midcingulate, and posterior midcingulate zones in Vogt and colleagues' fourregion model [85] -and the dorsomedial prefrontal cortex. Neuroimaging is just beginning to weigh in on the precise boundaries of these regions and their functional homologies across species.
The dACC and vmPFC are strongly dissociable in human studies, based on both activation and connectivity with other brain regions. This is illustrated in Figure I by co-activation maps across the 1,669 studies included in this review (see Supplementary Data for details). Typically, dACC activation co-occurs with activation in a lateral frontoparietal network, whereas vmPFC activations co-occur with activation in a network consisting of medial and temporal cortex [17] . The rdACC is connected to both networks with about equal strength, implying that it may serve as a bridge between the vmPFC representation of constructed 'meaning' and dorsal systems responsible for directing action and attention. In addition, the rdACC co-activates particularly strongly with a number of subcortical 'affective' structures ( Figure Ib) , including the basolateral amygdala, nucleus accumbens, hypothalamus, periaqueductal gray (PAG), and dorsal raphe nucleus. This connectivity suggests that, like the vmPFC, the rdACC is integral in shaping subcortical responses and may participate in the construction and deployment of 'meaning'.
Even though we consider the vmPFC and the rdACC to be part of the same functional zone at the broadest level, they are also clearly dissociable. The rdACC and the vmPFC have different functional profiles, paralleling a distinction between prelimbic (PL) and infralimbic (IL) cortices in rats ( Figure Ic) . The PL is associated with the maintenance and recall of responses to aversive stimuli [86] (particularly when contextual information is important), whereas the IL is associated principally with the extinction of aversive responses. For example, PL stimulation impairs fear extinction and PL activity after extinction predicts reduced extinction recall [87] , whereas IL activity has the opposite effects [87] . This reciprocal engagement of the PL and IL in contextual representations of threat and safety appears to be paralleled by similar findings in humans: the rdACC and vmPFC show a preference for negative and positive emotion, respectively [88] (Figure Id) , and for sympathetic vs. parasympathetic autonomic activity [1] (Figure 1a) .
It is possible that this distinction is due to specialization by content (positive vs. negative affect), process (response selection vs. value updating), or something else. Recent evidence linking the PL and rdACC to appetitive, drug seeking behavior [80] argues in favor of a process account. One view is that the rdACC is involved in translating between 'meaning' and action systems (including selecting meaning-guided actions under conditions of uncertainty [23, 24] and monitoring the consequences of actions [25] ), whereas the vmPFC is primarily involved in updating representations of the internal state of the organism. Subdivisions and connectivity of the medial prefrontal cortex. (a) Four functionally distinct zones include the vmPFC, rdACC, dACC, and dmPFC. We envision meaning construction as occurring principally in the vmPFC and rdACC, with substantial contributions from the dmPFC. To illustrate the differential connectivity of the vmPFC and dACC zones, 'seed' regions were selected based on the peak activation frequencies across the 1,669 studies and 8 domain areas summarized in this review. Areas significantly co-activated with each seed region are shown on the right (see Supplementary Data for details). The dACC (red) and vmPFC (blue) regions co-activated with distinct brain networks. Additional subcortical connectivity with vmPFC was apparent below the stringent thresholds used here (P < .05 corrected). rdACC (purple) showed co-activation with both networks, and particularly strong co-activation with periaqueductal gray (PAG) and other subcortical areas. (b) Further exploration of medial prefrontal co-activation with subcortical regions. For each of the six areas shown, small 'seed' regions were placed in the subcortical area, and co-activated areas in the medial prefrontal cortex are shown ( p < .0001). The rdACC is co-activated with each area, with particularly strong co-activation with the dorsal PAG and raphe nuclei associated with active responses to threat, suggesting a possible homology with prelimbic cortex in rats.
(c) Location of prelimbic and infralimbic cortices in rats, adapted from [99] . (d) A meta-analytic summary of 138 PET and fMRI studies of positive and negative emotional experience (374 experimental contrasts, selected from a database of 234 studies of emotion described in [88] for reviews, see [23, 24] ). Based on connectivity with other brain areas, the vmPFC and dACC are distinct regions, connected to different posterior and subcortical networks, whereas the rdACC is a 'transition zone' with connectivity to both networks (Box 1). Its function as a 'transition zone' perhaps confers on the rdACC a special role in translating between affective meaning and action, including functions such as error and outcome monitoring [25] and motivated action. This could in part explain why the rdACC is more frequently activated by aversive stimuli, such as pain and fear cues, which are usually associated with a strong desire to avoid or terminate an unpleasant experience. Interestingly, although 'pain' as a category is associated with activity in all three zones, stimulus intensity is most strongly linked to the dACC [26] , pain experience to the rdACC [27] , and expectations about pain to the vmPFC [27] . A factor analysis of the eight domain maps that included consistent vmPFC activity shows two distinct subsystems, which also overlap only in the vmPFC (Figure 2b ). The first subsystem encompasses the ventrocaudal vmPFC and subcortical structures associated with affect, valuation, and autonomic or endocrine control. This system might be called the 'affect generation' system, as the 'reward', 'autonomic', and 'emotion' maps load uniquely on this factor. The second subsystem comprises the anterior and dorsal portion of the vmPFC and the PCC. This might be called the 'simulation' subsystem for two reasons. First, the 'memory' and 'defaultmode' maps load uniquely on this factor. Second, this system appears to be involved in constructing internal models of the world based on mnemonic information and in using them to imagine projected future scenarios [5] . The 'self' and 'social cognition and mentalizing' maps were similar to one another and loaded equally on both factors, which suggests that these processes share features of both sub-systems. In this sense, the vmPFC could be considered a 'system of systems', binding together large-scale networks involved in memory and projection, self-perception, social cognition, emotion, reward, and autonomic and endocrine function.
The anatomical connectivity of the vmPFC parallels these functional findings and reinforces the view of the vmPFC as an integrative center. As has been reviewed elsewhere [28, 29] , the vmPFC is unique among cortical regions in that it projects directly to nuclei involved in affect and peripheral regulation at all levels of the subcortical neuraxis, including the hypothalamus, amygdala, ventral striatum and pallidum, periaqueductal gray (PAG), parabrachial complex, parapontine reticular formation, raphe nuclei, nucleus tractus solitarius, and spinal autonomic ganglia. These vmPFC-subcortical pathways are thought to constitute a 'visceromotor' system, the functions of which are to coordinate several aspects of autonomic activity [11] . The vmPFC is also directly connected with memory-related circuits in the hippocampus and medial temporal lobe [11] that can subserve both memory and future projection [5] . It is also monosynaptically connected with cortical structures associated with sensory hedonics and expectancies for specific rewards [15] (orbitofrontal cortex -OFC), mentalizing and theory of mind [9] (dmPFC), and goal formation and maintenance (dorsolateral prefrontal cortex and frontopolar cortex). Thus, the functional regions that are co-activated with vmPFC in large-scale meta-analyses are also largely monosynaptically connected with vmPFC. Moreover, the pattern of connectivity suggests a unique integration of information in systems involved in higher-level cognition with those involved in the most basic forms of affective experience and physiological regulation.
Several psychological constructs can be thought of as emergent properties of such a system for integrating conceptual and affective information, including 'valuation' [7, 15] , 'goal-directed behavior' [20] and 'emotion' [19, 30] . Indeed, peripheral changes in response to environmental threats and opportunities are central to what it means to have an 'emotional response' [31] . However, the functional properties of the systems connected to vmPFC suggest that its function may not be reducible to these concepts. 'Valuation', for instance, implies evaluation on a single dimension of valence (positive/negative or approach/avoid), which serves as the basis for the construction of preferences. However, whereas affective value can be conceptually informed, it need not be: certain types of value do not necessarily draw on memories and explicit representations of the future. Conversely, value can be purely 'cognitive', without requiring direct links to peripheral output systems or the 'organism-wide' behavioral changes associated with strong emotional responses. We argue that the function of the vmPFC is not to reduce complex situations to a single, actionable 'value' dimension, but rather to link situational appraisals to specific patterns of behavioral and autonomic responses afforded by the particular context. That is, the role of the vmPFC may not be to determine how threatening or appetitive an object is, but rather to determine the specific response (fight, flee, consume, protect, nurture, rest) that is most adaptive given the particular situation. The topography of vmPFC-PAG and vmPFC-hypothalamus connections, which are organized along the lines of such adaptive behavioral responses, supports this view of vmPFC function [29] . One prediction that follows from this view is that, even if the vmPFC is damaged, value is still estimated and motivated behavior occurs. However, value and emotion are more 'reflexive' and not situation-appropriate, as occurs with 'utilization behavior' [32] and other reports of orbital/ventromedial prefrontal damage [33] .
A specific role for the vmPFC in learning and choice: insights from animal lesion studies The human neuroimaging results reviewed above reveal the broad involvement of vmPFC across studies involving memory, self-reference, emotion, affective value, and peripheral regulation. Studies in animals complement these data by revealing a selective pattern of effects following vmPFC lesions. These studies suggest that the vmPFC is not necessary for basic forms of affective learning and valuation, but is necessary to optimally guide behavior when the meaning of events has to be inferred from particular configurations of situational cues.
Fear extinction recall. One paradigm that involves anticipatory valuation is fear conditioning, in which sensory cues (CS+) come to predict an aversive stimulus such as a painful shock (UCS). The vmPFC is not required for the learning or expression of anticipatory conditioned responses (CRs), including fear behavior [34] . For such responses, a largely subcortical circuit linking sensory cortex, thalamus, amygdala, PAG, and brainstem is sufficient [35] . Nor is the vmPFC generally required for fear extinction (but see [36] ), in which cues are presented without reinforcement and the CR diminishes over time [34] . VMPFC is critical, however, for more complex forms of learning. Lesions of the ventral part of rat vmPFC, the infralimbic cortex (IL), cause enhanced recovery of fear a day after extinction training [34] . These effects have typically been interpreted in terms of a deficit in extinction retrieval. Here, we propose that retrieval of extinction memories requires inferring the meaning of the predictive cue from a mental model of the task. During the 'extinction recall' test, the rat must determine which of the two outcomes the CS+ currently predicts (threat during initial learning and safety during extinction), with impoverished input as to which environmental cues are associated with which context. This could entail a search for cues that are informative of which context is now relevant through memories rapidly formed in the hippocampus during previous phases [37] . One prediction that follows from this is that overtraining on extinction should eliminate the need for an intact vmPFC during retrieval.
Findings in animals are paralleled by human studies of fear extinction and reversal, which show vmPFC and hippocampal co-activation during the recall of extinction [38] , suggesting perhaps the involvement of explicit memory systems. In another recent human study [39] , the vmPFC responded more strongly to a safety cue (CS-) that was previously a threat cue (CS+) than it did to the 'naïve', pre-reversal CS-. This effect is consistent with greater demand on conceptual systems, which must rapidly and flexibly determine the current cue value post-reversal.
Stressor controllability. In this paradigm, one group of rats experiences a series of shocks that can be terminated with an instrumental response. Another group of rats experiences an identical series of shocks, determined by the behavior of the first group, so that the external events are matched but only the first group experiences control. Control speeds subsequent escape learning [40] and slows subsequent fear conditioning [41] , reduces threat-related serotonin responses in the dorsal raphe to novel contexts [40] , and buffers the animals against later adverse effects of inescapable shock [42] . VMPFC inactivation abolishes all these benefits of control without affecting the learning of escape responses per se. Thus, the vmPFC is not necessary for representing the aversive value of shocks or learning to escape them, but it is crucial for integrating information about the external environment and the efficacy of one's actions -or, more simply, conceiving of the meaning of the shocks in context.
Appetitive learning. A large literature on appetitive learning also suggests that the mPFC-OFC system is critical for representing the subjective value of the specific outcomes associated with certain cues or actions [15] . Lesions of this system do not result in impairments in responding to cues that are predictive of food rewards, nor do they impair avoidance of a food that has been paired with illness or satiated. However, the system is critical for 'reinforcer devaluation', a test in which two cues (Pavlovian devaluation) or two actions (instrumental devaluation) are associated with two foods, one of which is subsequently devalued by satiation or pairing with illness. OFC/mPFC lesions abolish the abrupt decrease in Pavlovian or instrumental responses associated with the now-devalued food typically observed in normal animals.
One interpretation of these effects is that the devalued cue or action is associated with two values: a positive value learned pre-devaluation and an aversive value that is not specifically linked to the cue or action through training and must be inferred using conceptual or episodic systems [15] . This type of behavior is often cast in terms of 'model-based' (Pavlovian or instrumental devaluation) or 'goal-directed' behavior (instrumental devaluation only) [20] , which implies the explicit representation of conceptual information and is generally contrasted with 'model-free' decision making behavior, which is more habitual and incremental [43] . Following devaluation, the value of the action as represented by the model-free, incremental value-learning system remains high (the action was associated with tasty rewards), but the value of the action represented by the model-based system has changed.
Converging effects in a number of related paradigms has led to the idea that the OFC-vmPFC system represents expectations about specific outcomes [15, 20] , which perhaps provides clues as to the roots of conceptual, prospective thought. While there may be important differences between lateral OFC and vmPFC based on their anatomical status as 'sensory association' and 'visceromotor' regions, respectively [11] , the two systems are interconnected and function similarly in many respects. The lateral OFC appears to be important for the assignment of value to specific cues [15, 44] , whereas the vmPFC is more important for the action value of those items [45] , whether behavioral, emotional, or visceromotor.
In humans, both regions track the diminished value of outcomes following devaluation [46] (Figure 1k) . Moreover, vmPFC lesions in humans and monkeys have been shown to interfere with decision-making when the value of alternative outcomes is close together [45, 47] , or reverses rapidly [48] , and is sensitive to the values of all available choices, not only the best ones [45, 49] (Figure 1n) . One explanation for these complex properties is that the vmPFC is involved in integrating conceptual, explicit representations of the potential outcomes into the construction of value. Such conceptual information, which we predict draws on hippocampal memory systems, is particularly necessary when the values assigned to stimuli and actions change rapidly or suddenly, making slower habit-learning systems inadequate for optimal behavior.
VMPFC involvement in conceptually driven affect in humans Given the findings discussed above, the vmPFC, and the adjacent rdACC, should be particularly important for affective responses driven by conceptual appraisals. More specifically, the rdACC should be more active when there is greater demand for immediate motivated behavior or action monitoring, whereas the vmPFC should be more active when it is necessary to update representations of the situational context itself. It is important to note, however, that the action vs. context updating dichotomy is confounded
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with valence in the literature, leading to ambiguity on the functional dissociations between these regions (see Box 1) .
The effects of conceptual information are difficult to isolate in animal studies, but can be readily manipulated in humans through language. For example, in instructed fear paradigms, participants are informed through language that a cue will be followed by a strong shock, which is sufficient to produce a well-characterized pattern of increases in the amygdala and rdACC and decreases in the vmPFC (both of which may be part of the broad 'meaning construction' response; see Box 1) [50, 51] (Figure 1g) . Conversely, instructions to conceptualize the CS+ in an emotionally positive manner (e.g. think of a blue square as a calming, peaceful ocean) increases vmPFC activity and decreases amygdala and skin conductance responses [52] (Figure 1f) .
The vmPFC is important in several other paradigms involving conceptually driven affect in humans. In reappraisal paradigms, participants are trained through language to generate positive (or negative) conceptual frames for aversive events. This conceptually-driven form of emotion regulation was recently shown to consistently activate the vmPFC in a meta-analysis of emotion regulation studies [53] (Figure 1e ). Moreover, these effects appear to be mediated through the extensive connections between the vmPFC and subcortical structures. In one recent study, positive reappraisal reduced amygdala responses to aversive visual images and increased activity in the ventral striatum, which in turn predicted reappraisal effects on emotional experience [54] (Figure 1h ). In this study, vmPFC activity was associated with increased reappraisal success in a manner mediated by changes in the ventral striatum. Nevertheless, other dorsomedial and lateral prefrontal regions are likely to be important as well [54, 55] . One difficulty with reappraisal paradigms is that they require cognitive effort and external attention [56, 57] , which produce large de-activations in the vmPFC across many paradigms [17] . The level of vmPFC activity in functional MRI (fMRI) studies may depend on the balance between meaning construction demand and stimulus-focused processes [55] . That notwithstanding, a prediction of the meaning-centered view is that reappraisal will be impaired with vmPFC lesions. A second prediction is that reappraisal-related fMRI activity will emerge when controlling for activity in lateral cortical 'attention systems' (partially done in [54] ; see Supplementary Data for additional discussion).
Another example of the direct effects of conceptual knowledge on the processing of affective stimuli is placebo analgesia: the modification of pain by belief in a treatment. Studies of placebo analgesia show reliable activation increases in the vmPFC [53] (Figure 1e ) and reliable connections between the vmPFC and PAG [58] . Some forms of placebo analgesia require the presence of endogenous opioids and correlated increases in endogenous opioid activity are found in both structures under placebo treatment [59] (Figure 1i) . Although placebo studies often involve conditioning procedures, these may often serve primarily to alter expectations and the meaning of pain in context [60, 61] . In fact, a recent study found that vmPFC activity was correlated with the strength of both expectations of analgesia and pain relief [62] .
Finally, the social evaluative threat paradigm provides converging evidence for vmPFC involvement in meaningdriven emotion. In this paradigm, participants prepare a speech on a personally relevant topic to be given in front of a panel of 'expert' judges. The 'active ingredients' in this challenge are conceptual (social feedback is provided that threatens participants' social and intellectual competence) and powerful. Such procedures have elicited reliable autonomic and endocrine responses in numerous studies [63] . In a pair of studies [64, 65] , speech preparation elicited activity increases in dorsal vmPFC and dACC and decreases in ventral vmPFC (Figure 1j ). Both effects tracked the individual time course of autonomic changes during the challenge and the relationships between vmPFC and autonomic changes were mediated in part by activity in PAG. In another recent study, vmPFC damage increased perceived threat and negative affect and altered endocrine responses to this type of challenge [66] .
These studies complement human studies of basic economic value [67] (Figure 1l ), which mix conceptual information with other forms of learned value. An emerging view is that activity in vmPFC, particularly the ventral and medial orbitofrontal portion deactivated in stress studies, predicts value after the integration of diverse kinds of conceptual information. For example, the same odor produces larger vmPFC activations when paired with the words 'cheddar cheese', than when paired with the word 'sweat' [68] (Figure 1q ). Greater vmPFC activity is elicited in comparisons between flavors labeled as 'rich and delicious' vs. 'boiled vegetable water' [69] , wines labeled as expensive vs. cheap [70] , and skin creams presented as 'rich and moisturizing' vs. 'basic' [71] . In addition, vmPFC responds more strongly to more highly valued immediate rewards than delayed ones [72] (Figure 1p ). Finally, vmPFC activity can also track the value of outcomes after integrating information about long-term goals, such as the health value of tasty, but diet-incompatible, foods [73] (Figure 1o ). Taken together, these results clearly show that representations in the vmPFC are strongly influenced by various forms of conceptual information and that vmPFC mediates processes that extend beyond preferences, including physiological responses related to well being.
VMPFC and meaning
The convergence of data presented here indicates a role for the vmPFC in a class of functions. These functions cut across traditional categories (e.g. value, affect), but are in certain respects more specific than previous characterizations: they involve the infusion of conceptual information into the generation of affective responses. The critical process is one of combining elemental units of information -from sensory systems, interoceptive cues, long-term memory -into a gestalt representation of how an organism is situated in its environment, which then drives predictions about future events. A straightforward term for such processes is 'affective meaning': a sense of the significance of events for an organism's well being and future prospects.
The value of constructing meaning for the organism is that it allows mental representations to be flexible, constructive, and future-oriented, and to depend on the anticipated interaction between the organism and the environment rather than superficial cues. A principal challenge in navigating the world is that the relationships between sensory cues and the interactions they imply are often complex. A smile is pleasant coming from a friend, but may signal danger coming from a competitor. The phrase 'great job' can signal pride, jealousy, or disdain, depending on the context in which it is uttered. We are constantly faced with the need to make inferences by generalizing from past situations, without the benefit of trial-and-error learning, as there are seldom second chances to avoid major threats or capitalize on unique opportunities.
A 'meaning-centered' view of vmPFC function is closely aligned with recent views of the orbital-medial prefrontal system as involved in 'goal-directed' or 'model-based' learning [43] , representing expectancies about specific outcomes [15] , retrieving fear inhibitory memories [74] , or generating subjective value and emotion based on conceptual information [19] . We do not intend for 'meaning' to replace these other terms as a label for this system's function, but rather complement them and provide a broader framework that integrates findings across animal and human studies. Thinking of vmPFC functions in terms of meaning rather than more basic concepts such as affect, value, memory, or visceromotor control also helps to explain its role in more complex processes not reviewed in depth here, such as 'courage' [75] , 'closeness' [76] , 'social standing' [77] and 'the emergence of concepts' [78] (Figure 1m ). This view also affords some new predictions. The vmPFC should be critical for emotion to the degree that it is elicited by conceptual information; for learning to the degree that 'model-based' learning is required [43] ; for autonomic and endocrine responses if they are driven by abstract information and verbal communication; for decision-making when the space of options is under-constrained and strong priors are advantageous; and for value if it is derived from knowledge about the underlying properties of valued items.
This view also has implications for disorders that involve the vmPFC, which by no coincidence may involve a breakdown in flexible meaning generation. Dysfunction of the vmPFC is thought to be critical in anxiety disorders such as PTSD [10] (Figure 1uv ), depression [79] (Figure 1w ), counterproductive motivation in drug addiction [80] , and dysregulation of autonomic and endocrine systems related to chronic stress [12] and pain [13] . The structural or functional abnormalities observed in these conditions are typically accompanied by hypo-or hyperreactivity in subcortical circuits triggering threat responses [10] (Figure 1v ), which suggests that these disorders might be exacerbated by a reduced capacity to appropriately assign affective meaning to sensory and internal cues. Depression, for example, is characterized by biases towards negative information and rumination [81] and PTSD by over-generalization of threat cues [82] . Cognitive-behavioral therapy and other forms of meaningcentered therapy [83] target these pathological interpretations of the self and the world by breaking them down, and are thought to be effective for all these disorders.
Concluding remarks
To summarize, building on extensive data regarding the role of vmPFC in subjective value, affect, memory and visceromotor control, we propose that meaning-guided affect as represented in the vmPFC is i) generative and can be easily transferred to new situations or configurations of informational elements; ii) shows sensitive dependence on the precise configuration of elements, but not to incidental variations in sensory appearance; and iii) can change rapidly during learning. This view of affective meaning is closely aligned with the idea that 'affective appraisal' and 'situated conceptualization' [84] are critical emotion-generating processes, as well as with other dualprocess views which suggest that 'model-based' or 'goaldirected' systems operate alongside simpler habit-learning systems to guide reward-driven learning in animals [20, 43] . Unlike simpler forms of learning and valuation, affective meaning arises from the fast recombination of conceptual information extracted from long-term memory into predictive models of the self in context, which drive both decision-making and physiological affective responses. This highly integrative process appears to rely on the vmPFC, which binds together large-scale networks involved in several functions that are necessary to construct affective meaning: memory and future projection, self-perception, social cognition, emotion, reward, and autonomic and endocrine function. Although much remains to be learned about how these different functions combine and interact in the vmPFC (see also Box 2), we believe that considering these different functions in the broader context
Box 2. Questions for future research
The inherently constructive nature of vmPFC processes seems to rely on the extensive connections between this region and a number of cortical and sub-cortical structures. However, 'meaning' is likely to reflect a class of processes rather than a unitary process. Are there different kinds of 'meaning' and are they associated with different patterns of connectivity? Future brain imaging research should explore the specific patterns of vmPFC connectivity associated with different types of tasks that bear on 'meaning'. The effects of vmPFC activations on subcortical circuits appear to be predominantly inhibitory. Is the inhibition of subcortical responses intrinsically tied to the higher adaptive value of affective meaning, which automatically competes with responses generated at subcortical levels, or can the vmPFC sometimes prime and act synergistically with subcortical structures? Activity in the vmPFC is inversely correlated with activity in the rdACC across a variety of emotional and decision-making tasks. What drives this inverse correlation? Is it valence (content) or demand on action and attention systems (process) [80] ? Are both regions reciprocally inhibitory or does activity in one of the two regions have precedence over the other? Psychiatric disorders characterized by emotional dysregulation are consistently associated with structural and functional abnormalities in the vmPFC. These disorders are also often associated with several neurocognitive deficits and are frequently comorbid with other clinical and personality disorders. How can these comorbidities be explained by the broader integrative role of cognitive, emotional and self-related processes of the vmPFC and can this role help improve psychiatric nosologies? How is the developmental trajectory of vmPFC structure and connections related to the development of the capacity to construct affective meaning [89] and how is it influenced by favorable and unfavorable early life experiences? What are the effects of prefrontal morphological and functional changes associated with aging on flexible meaning generation in older adults? of affective meaning will help further our understanding of the role of vmPFC in each of these separate functions.
